Understanding the interactions of plant-parasitic nematodes with antagonistic soil microbes could provide opportunities for novel crop protection strategies. Three arable soils were investigated for their suppressiveness against the root knot nematode Meloidogyne hapla. For all three soils, M. hapla developed significantly fewer galls, egg masses, and eggs on tomato plants in unsterilized than in sterilized infested soil. Egg numbers were reduced by up to 93%. This suggested suppression by soil microbial communities. The soils significantly differed in the composition of microbial communities and in the suppressiveness to M. hapla. To identify microorganisms interacting with M. hapla in soil, second-stage juveniles (J2) baited in the test soil were cultivation independently analyzed for attached microbes. PCR-denaturing gradient gel electrophoresis of fungal ITS or 16S rRNA genes of bacteria and bacterial groups from nematode and soil samples was performed, and DNA sequences from J2-associated bands were determined. The fingerprints showed many species that were abundant on J2 but not in the surrounding soil, especially in fungal profiles. Fungi associated with J2 from all three soils were related to the genera Davidiella and Rhizophydium, while the genera Eurotium, Ganoderma, and Cylindrocarpon were specific for the most suppressive soil. Among the 20 highly abundant operational taxonomic units of bacteria specific for J2 in suppressive soil, six were closely related to infectious species such as Shigella spp., whereas the most abundant were Malikia spinosa and Rothia amarae, as determined by 16S rRNA amplicon pyrosequencing. In conclusion, a diverse microflora specifically adhered to J2 of M. hapla in soil and presumably affected female fecundity.
R
oot knot nematodes (Meloidogyne spp.) are among the most damaging pathogens of many crops worldwide and are important pests in Europe (1) . Chemical nematicides are costly and restricted due to their adverse impact on the environment and human health, whereas cultural control or host plant resistance are often not practical or not available (2) . Alternative management strategies could include biological control methods. Microbial pathogens or antagonists of root knot nematodes have high potential for nematode suppression. Many fungal or bacterial isolates have been found that antagonize root knot nematodes either directly by toxins, enzymatically, parasitically, or indirectly by inducing host plant resistance (3) . Indigenous microbial communities of arable soils were occasionally reported to suppress root knot nematodes (4) (5) (6) (7) . Soils that suppress Meloidogyne spp. are of interest for identifying antagonistic microorganisms and the mechanisms that regulate nematode population densities. Understanding the ecological factors that enable these antagonists to persist, compete, and function may improve the basis for integrated management strategies. Cultivation-independent approaches were used in several studies to analyze the diversity of bacteria or fungi associated with the plant-parasitic nematode genera Bursaphelenchus (8) , Heterodera (9-11), or Rotylenchulus (12). Papert et al. (13) showed by PCR-denaturing gradient gel electrophoresis (DGGE) of 16S rRNA genes that the bacterial colonization of egg masses of Meloidogyne fallax differed from the rhizoplane community. An rRNA sequence most similar to that of the egg-parasitizing fungus Pochonia chlamydosporia was frequently detected in egg masses of Meloidogyne incognita that derived from a suppressive soil (4) .
Root knot nematodes spend the majority of their life protected inside the root. After hatching, second-stage juveniles (J2) of root knot nematodes migrate through soil to penetrate host roots.
During this searching, they are most exposed to soil microbes. Root knot nematodes do not ingest microorganisms, and their cuticle is the main barrier against microbes. The collagen matrix of the cuticle is covered by a continuously shed and renewed surface coat mainly composed of highly glycosylated proteins, which likely is involved in evading host immune defense and microbial attack (14) . Attachment of microbes to the J2 cuticle while dwelling through soil may result in the transport of microbes to roots, endophytic colonization, coinfection of roots, or the defense response of the plant triggered by microbe-associated molecular pattern. Attached microbes may also directly inhibit or infect J2 or later colonize eggs of nematodes (15) . Despite its potential ecological importance, the microbiome associated with J2 of root knot nematodes has not yet been analyzed by cultivation-independent methods.
In the present study, three arable soils were investigated for their suppressiveness against the root knot nematode Meloidogyne hapla. The bacteria and fungi attached to J2 incubated in these soils were analyzed based on their 16S rRNA genes or internal transcribed spacer (ITS), respectively, and compared to the microbial communities of the bulk soil. The objectives were (i) to test whether a specific subset of soil microbes attaches to J2 of M. hapla, (ii) to test whether attached species differ between soils of varying suppressive potential, and (iii) to identify bacteria and fungi that putatively interact with J2 of M. hapla.
MATERIALS AND METHODS
Soils. Soils were obtained from three different locations in Germany and included a Luvic-Phaeozem with medium clayey silt and 17.2% clay (loess loam, pH 7.3, organic carbon content [C org ] ϭ 1.8%) from a field of the plant breeder KWS Saat AG in Klein Wanzleben (Kw), a Gleyic-Fluvisol with heavy sandy loam and 27.5% clay (alluvial loam, pH 6.7, C org ϭ 1.8%) from a lettuce field in Golzow (Go), and an Arenic-Luvisol with less silty sand and 5.5% clay (diluvial sand, pH 6.1, C org ϭ 0.9%) from a field in Grossbeeren (Gb). These soils were selected because of a low abundance of M. hapla despite the presence of suitable environmental conditions and susceptible plants. The soils were previously characterized in detail (16) , and data on microbial communities were available. Soil samples were collected from eight plots within each field. Each sample consisted of ϳ3 kg composed of 12 soil cores taken from the top 30 cm. All samples were kept in polyethylene bags and stored at 4°C until further processing.
Greenhouse assay for soil suppressiveness. The suppressiveness against M. hapla of the microbial communities in the three soils was determined by comparing the reproduction of inoculated J2 on tomato plants in natural and sterilized soil. Native soil without inoculated J2 served as control for putative indigenous root knot nematodes. Thus, each of the eight replicate soil samples of each soil was divided into three portions for the three treatments. The portion for the J2 inoculation into sterilized soil was autoclaved at 134°C for 10 min to kill indigenous microbes, followed by a 20-min dry cycle. Each portion of the soil samples was separately mixed with steamed loamy sand at a ratio of 1:1 to improve physical soil properties for greenhouse culture and placed in 1.2-kg portions in 15-cm-diameter pots. Two-week-old seedlings of Solanum lycopersicum 'Moneymaker' were transplanted into the pots. One week after transplanting, 1,600 freshly hatched J2 of M. hapla were inoculated into each pot, except the control for putative indigenous root knot nematodes. The J2 were inoculated by transferring 1 ml of a suspension with 200 J2 ml Ϫ1 into each of eight holes at the periphery of the pot (7 cm from stem base, 2 cm deep), so that the J2 could interact with soil microbes before penetrating tomato roots. The pots were arranged in a randomized block design, so that in total 72 pots (8 replicate blocks ϫ 3 soils ϫ 3 treatments) were maintained in the greenhouse at 20 Ϯ 2°C at ambient light. Plants were watered and fertilized as needed. Two months after inoculation, root systems were washed free of adhering soil and weighted. Egg masses attached to the roots were stained with 0.4% cochenille red solution (Brauns-Heitmann, Warburg, Germany) for 15 min. Galls and egg masses were counted. Roots were vigorously shaken for 3 min in 2% chlorine to free the eggs from the gelatinous matrices. The suspension was poured through a 250-m-aperture sieve to remove roots. Eggs were collected on a 20-m-pore-size sieve and counted.
Soil baiting with J2 and DNA extraction. To analyze the microorganisms attaching to J2 when they move through soil, J2 were inoculated in each soil and extracted after exposure to the microbial communities in the three soils. Four replicate tubes per soil type with 2,000 inoculated J2 in 50 g of soil were kept at 20 Ϯ 2°C in the dark for 7 days. The soil moisture was adjusted to 15%. J2 were extracted from the soil by centrifugal flotation with MgSO 4 solution (17), collected on 25-m-aperture sieves, and transferred with sterile water into petri dishes. Under the stereomicroscope, 100 J2 from each replicate, which were morphologically identified as root knot nematodes, were captured by using a needle. DNA from J2 with adhering microorganisms was extracted by using a FastPrep FP120 beadbeating system (MP Biomedicals, Santa Ana, CA) for 30 s at high speed, a FastDNA Spin kit for soil (MP Biomedicals), and the Geneclean spin kit (MP Biomedicals) for further purification. In parallel, total soil DNA was extracted from 0.5 g of bulk soil of each tube by the same method for comparison of the microbial communities from nematode samples to those of the surrounding soil.
PCR-DGGE of fungal ITS and bacterial 16S rRNA gene fragments. PCR amplifications of fungal ITS and of 16S rRNA genes of bacteria or bacterial groups from total DNA of soil and J2 samples and separation of the PCR products in DGGE were performed as previously described (18) . In brief, bacterial 16S rRNA gene fragments were amplified either directly from total DNA using the primer pair F984GC/R1378 or via PCR with primers that were designed to target the bacterial groups Alphaproteobacteria, Betaproteobacteria, Pseudomonas, Actinobacteriales, Enterobacteriaceae, or Bacillus (all primer sequences are shown in Table S1 in the supplemental material). The fungal ITS fragments were amplified using a nested PCR approach with primer pairs ITS1F/ITS4 and ITS1FGC/ITS2. DGGE was done by using the PhorU 2 system (Ingeny, Goes, Netherlands) as previously described (18) .
Analysis of ribosomal sequences of microbes attached to J2. For the DGGE fingerprints of bacterial groups and fungal ITS fragments that showed nematode-specific bands, PCR products were cloned and sequenced to identify the corresponding microbial species by sequence comparison to the GenBank entries. For Alphaproteobacteria and Pseudomonas, PCR products obtained with the primer pair F984GC/R1378 were used; for Bacillus, products produced with the primer pair BacF/ R1378 were used; for fungal profiles, products of the primer pair ITS1FGC/ITS2 were used (see Table S1 in the supplemental material). PCR products were cloned using the vector pGEM-T and Escherichia coli JM109 high-efficiency competent cells (Promega, Madison, WI). Based on the PCR-DGGE analyses, cloned amplicons corresponding in electrophoretic mobility to nematode-specific bands were sequenced (Macrogen, Amsterdam, Netherlands).
Barcoded amplicon pyrosequencing was used to analyze 16S rRNA genes of total J2-associated bacteria. PCR with the universal bacterial primers F27/R1494 was performed as previously described (19) . The products were purified with a Minelute PCR purification kit (Qiagen, Hilden, Germany) and used as target to amplify the V3-V4 region of 16S rRNA genes with fusion primers containing the Roche-454 A and B Titanium sequencing adapters, an eight-base barcode sequence in adaptor A, and specific sequences V3F/V4R targeting the ribosomal region. Library preparation and sequencing were done on a 454 Genome Sequencer FLX platform according to standard 454 protocols (Roche-454 Life Sciences, Branford, CT) by Biocant (Cantanhede, Portugal). Pyrosequencing data were evaluated according to the method of Ding et al. (20) . Briefly, sequences matching the barcode and primer were selected for blastn searches in the database SILVA 115 SSU Ref (21) and a subset of that containing the strains with the species name. Chimera were truncated, barcodes and primers were removed, and sequences shorter than 200 bp were discarded. Multiple alignments and operational taxonomic unit (OTU) assignment (Ͼ97% similarity) were performed using the software package Mothur v1.14.0 (22) . OTUs were regarded as specific for J2 that comprised Ͼ1% of all sequences of J2 samples and that were not detected in soil or had at least 100 times higher relative abundance on J2 compared to soil.
Statistical analysis. For the greenhouse experiment, the numbers of galls, egg masses, eggs per gram of root, and eggs per egg mass after propagation of inoculated J2 were compared between pots with native and sterilized soil for each soil type. The data were log transformed and a linear model with soil, treatment, and soil·treatment as fixed effects and block as a random effect was applied (see Table S2 in the supplemental material). For pairwise comparisons between soil types the Tukey-Kramer adjustment was applied.
Sequence accession numbers. Sequences for DGGE bands were deposited in GenBank under accession no. KF225704 to KF225718 and KF257370 to KF257399. Pyrosequencing data were deposited at the NCBI Sequence Read Archive under study accession number SRP029944.
RESULTS
Microbes of the three soils reduced progeny of M. hapla to different extent. To assess the suppressive effect of the microbial soil communities on M. hapla, the nematode propagation on tomato was compared between sterilized and native soils. Significantly fewer galls, egg masses, eggs, and a reduced rate of fecundity (eggs per egg mass) were found on roots from native soils than in sterilized soils 8 weeks after J2 inoculation (P Ͻ 0.001, ANOVA with soil origin and sterilization as fixed effects, see Table S2 ). Also soil origin had a significant effect on nematode counts and fecundity (P Ͻ 0.015), except for egg masses (P ϭ 0.055). In nonsterilized soil Kw the lowest numbers of galls, egg masses, eggs, and eggs per egg mass were found compared to soils Go and Gb (Table 1 ). The number of eggs was reduced by 93% in native soil Kw compared to the sterilized control and was significantly lower than for the other soils, suggesting that the microbial community of soil Kw had a more suppressive effect. The reduction in galls and egg masses for soil Kw was less pronounced than egg reduction (58 and 68%, respectively). The least suppressive soil Go had significantly more galls, egg masses, and eggs in the nonsterilized treatment than soil Kw (Table 1) , with significantly lower reductions compared to the sterilized control (30, 38 , and 63%, respectively). In contrast to the native soils, in sterilized soils the numbers of galls and egg masses were highly similar between soils. Egg numbers and fecundity in sterilized soils were fewest for Go and highest for Gb, whereas sterilized soil Kw did not show the lowest counts among the soils, as seen for the soils with indigenous microbial communities (Table 1). This suggested a minor role of the physicochemical soil differences compared to biotic factors. In control pots without J2 inoculation, indigenous root knot nematodes developed only five galls on one tomato plant in soil Kw, which was too low to confound nematode counts of the inoculated nonsterilized pots (data not shown).
Fungal attachment to M. hapla in soil. The fungi sticking to J2, which were extracted from the three soils and washed, were analyzed by PCR-DGGE of fungal ITS fragments. ITS profiles of DNA from J2 showed 20 (for soil Kw) to 40 (for soil Gb) clearly visible bands, while profiles of fungal soil communities were much more complex (Fig. 1) . Several fungal ITS types were abundant in all replicate DNA samples from J2 of one or more soils but not in the surrounding soil, suggesting specific attachment to the J2 in soil (Fig. 1, bands 2, 3, 4 , 6, 9, 11, 13, and 15). Some of the fungal ITS types associated with J2 were also abundant in soil, but the relative band intensity within the profile was higher for the J2 samples than for soil, which indicated an enrichment on J2 (Fig. 1,  bands 1, 5, 7, 8, 10, 12, and 14) . The most reproducible patterns were detected on J2 from replicates of the most suppressive soil Kw, evidencing the most specific fungal attachment compared to those from the other two soils. The DNA sequences of ITS types were determined to identify fungal species that potentially interacted with the J2 in soil. The sequences corresponded to fungal ITS of eight genera of Ascomycota, five genera of Basidiomycota, Rhizopodium (Chytridiomycota), and Mortierella (Fungi incertae sedis) ( Table 2 ). Bands 9 and 15, of which the DNA was most closely related to the genera Davidiella and Rhizophydium, respectively, were associated with J2 from all three soils, even though they were (Table 2) . A, B, C, and D refer to replicate soil baiting assays for each soil.
mostly below the detection limit in the soil fungal communities. Some bands were common on both nematodes and soil samples in the three soils, such as bands 1, 12, and 14, which corresponded to Malassezia restricta, Mortierella sp., and Ascomycete sp., respectively ( Table 2) . Eight of the ITS types associated with J2 were soil type specific, four of which were only detected on J2 (Table 2 , bands 3, 4, 6, and 13), while the other four were obtained from both J2 and soil samples ( sequences of these bands exhibited 98 to 100% similarity to known sequences of fungal species in GenBank (Table 2) . Furthermore, two of the attached ITS types seemed to be specific for J2 samples in two of the three soils ( Table 2 , bands 2 and 11). The ITS type of band 2 was found in J2 samples from the two most suppressive soils, Kw and Gb, and corresponded to Aspergillus penicillioides (99.7% identities). In contrast to J2 from soils Go and Gb, J2 extracted from the most suppressive soil Kw were specifically associated with ITS types closely related to Eurotium sp., Ganoderma applanatum, and Cylindrocarpon olidum (Table 2 , bands 6, 7, and 13). Bacterial attachment to M. hapla in soil. The bacteria associated with J2 in the three soils were analyzed by PCR-DGGE and 454-pyrosequencing of 16S rRNA genes. DGGE profiles of DNA from J2 showed fewer and more intense bands than those from directly extracted soil DNA, indicating that only a subset of the species in soil were present on the J2 (Fig. 2) . The bacterial communities differed among the three soils, as did the communities on the J2 from the three soils. Some bacteria seemed to be attached to the nematodes in all soils. The bacterial community associated with J2 displayed a higher degree of variability than the fungal community structure. In the most suppressive soil, Kw, J2 were most frequently colonized with some highly abundant but variable species, whereas the patterns associated with J2 from the other two soils were more consistent.
Some bacterial groups that were suspected to interact with root knot nematodes were investigated by DGGE fingerprinting using group-specific 16S rRNA gene primers for Actinobacteriales, Alphaproteobacteria, Betaproteobacteria, Bacillus, Enterobacteriaceae, and Pseudomonas. The fingerprints were highly variable among replicate J2 samples (see Fig. S1 in the supplemental material). Nematode-specific bands representing attachment to J2 in the three soils were mainly detected in DGGE fingerprints generated with primers, which were designed to preferentially target 16S rRNA genes of Alphaproteobacteria, Bacillus, and Pseudomonas. Bacterial 16S rRNA genes amplified based on the selective specificity of primer BacF were most clearly enriched in J2 samples (Table 2) . Among them, four intense bands were detected in most J2 samples from all soils ( Table 2 ; see also Fig. S1A , bands 3 to 6, in the supplemental material), of which the sequences belonged to the genera Staphylococcus, Micrococcus, and Bacillus ( Table 2 ). The majority of cloned 16S rRNA genes amplified based on the specificity of primer F203␣ belonged to the Alphaproteobacteria (Table  2) . Despite the high variability of these bacteria from nematode samples, a few bands were dominant on most J2 from the three soils (Table 2 ; see Fig. S1B in the supplemental material), which were related to Rhizobium phaseoli (99.8% identities) or Bosea sp., respectively. Bacteria from J2 samples that were much more abundant for the most suppressive soil Kw were not apparent, but more intense bands were related to sequences of the actinobacterial species Solirubrobacter soli, and the alphaproteobacterial species Ochrobactrum anthropi and Anderseniella sp. (Table 2 ). In Pseudomonas-specific DGGE fingerprints, bands related to P. koreensis were most clearly associated with J2 from soil Kw (Table 2 , bands 3, 6; see also Fig. S1D in the supplemental material) . Other pseudomonads that were relatively more abundant in J2 samples than in the soil samples were similar to P. asplenii, P. tuomuerensis, P. jessenii, or P. taetrolens. DGGE fingerprints from 16S rRNA genes of Actinobacteriales, Betaproteobacteria, and Enterobacteriaceae showed high variability among replicate J2 samples, so that bacteria specifically attached to the nematodes were hardly distinguishable from randomly attached bacteria (see Fig. S1C , E, and F in the supplemental material).
Bacteria on J2 based on 16S rRNA gene amplicon pyrosequencing. Bacterial 16S rRNA gene sequences from nematode and soil samples were determined by barcoded amplicon pyrosequencing. A total of 22,347 sequences from 12 nematode samples were obtained and analyzed together with sequences from all three bulk soils. The sequences were grouped, based on 97% identity, into 12,425 OTU, of which 87% were unique to soil samples, 9% had a higher relative abundance on J2 than in soil, and 6% were unique to J2 samples. Thus, the diversity of bacterial OTU associated with the J2 in soil was strongly reduced compared to soil. The overlap of abundant OTU between J2 and soil samples was low. The 24 OTU that were most abundant in nematode samples (Ͼ1%) but not detected in soil or that were at least 100 times higher in relative abundance on J2 than in soil are shown in Table  3 . They mainly belonged to the Alpha-, Beta-, and Gammaproteobacteria, Firmicutes, and Actinobacteria. Nineteen of the OTU had Ͼ99% sequence identity with strains of well-studied species, nine of which are associated with infectious diseases (Streptococcus salivarius, Peptoniphilus gorbachii, Mycoplasma wenyonii, Brucella sp., Paracoccus yeei, Neisseria mucosa, Shigella flexneri, Acinetobacter schindleri, and Acinetobacter johnsonii). In the most suppressive soil, Kw, J2 were especially associated with 18 OTU, of which the most abundant OTU were related to the species Rothia amarae, Malikia spinosa, Shigella spp., Janthinobacterium lividum, Geobacillus stearothermophilus, and Pseudomonas kilonensis. Three of the OTU, which were mainly detected on J2 from soil Kw but also on J2 from soil Gb, were closely related to yet-uncultured bacteria of the Gemmatimonadetes, Deltaproteobacteria, or Rhodospirillaceae, respectively.
DISCUSSION
This study has revealed by cultivation-independent techniques that diverse microbial communities attached to J2 of M. hapla when they were moving through soil. Several fungal and bacterial types were abundant on J2 but not in the surrounding soil, while other types detectable in soil were highly enriched on J2 relative to other soil microbes. This suggested a specific attachment of these microbes to the cuticle surface of J2. Evidence is gathering that species-specific characteristics of cuticle and surface coat determine microbial attachment to J2 and that the highly glycosylated mucins of the surface coat play a role in specificity (14) . Bacterial adhesion changes with genetically determined modification of the complex carbohydrates of the surface coat (23, 24) . The Grampositive obligate parasites of root knot nematodes, Pasteuria spp., are highly host specific in endospore attachment to the cuticle. Thus far, only a few examples for nonparasitic attachment of bacteria or fungi to the cuticle of plant-parasitic nematodes have been described (25, 26) , and images of the J2 surface by scanning electron microscopy indicated a rather low abundance of microorganisms with the exception of highly specialized parasites (27) . Also, we found evidence for a rather low number of microbes on the cuticle, evidenced by high variation between microbial DGGE fingerprints from J2, and low amounts of direct PCR products from DNA of J2 samples. The importance of the surface coat of the nematode cuticle in the recognition by nematode parasites has been recognized, but studies have focused on highly specialized nematode parasites (28) and more recently on potential human pathogens (29) .
In our study, soil suppressiveness to M. hapla was most likely caused by indigenous soil microbes since it was not observed in sterilized controls. In addition, differences in suppressiveness between the three soils investigated corresponded to differences in microbial soil communities and J2 attached microbes, while progenies of M. hapla in the sterilized soils were rather similar or did not correlate with the differences in the soils with indigenous microbial communities. However, some fungi and bacteria were found attached to J2 from all three soils, which therefore have not severely contributed to the differences in suppressiveness between the soils. It cannot be ruled out that some of these common microbes were already associated with the inoculated J2. In previous studies, sensitivity to pasteurization or biocide treatment also provided evidence of the biological nature of soil suppressiveness to plant-parasitic nematodes (4, 30) .
For all three soils, the reduction in the numbers of egg masses and eggs was more pronounced than the effect on galling. This observation suggested a mode of action directed against nematode reproduction rather than against J2 vitality or the initial infection by juveniles. We surmised that reduction of reproduction was mediated by microbial attachment to juveniles in soil while searching for host plant roots. This attachment may have resulted in the transport of microbes into the root to the location of egg development. Although no indication of the presence of known TABLE 3 OTU of bacteria that were highly enriched on soil-derived J2 of M. hapla compared to the bacterial community in soil, based on 16S rRNA gene amplicon pyrosequencing parasites became evident, this mode of action points to the involvement of antagonists that get attached to J2 in soil and then reduce the fecundity in females of the target nematode, as reported for Pasteuria penetrans, or egg-parasitic fungi (31, 32) . Accordingly, a baiting assay similar to the one we used had been successful in searching for egg parasites of root knot nematodes (33) . Transport of cuticle-attached microbes, which are not egg parasites, to the host plant of the nematode has been shown for the phytopathogenic fungus Dilophospora alopecuri adhering to the J2 cuticle of Anguina funesta (34) . Other attached microbes may establish as endophytes. Specific endophytes were observed to significantly reduce the progeny of root knot nematodes, probably by indirect mechanisms based on endophyte-plant interactions rather than directly by nematicidal activity (35) .
In our study by cultivation-independent methods, we identified bacteria and fungi associated with J2 in soils with different levels of suppressiveness against M. hapla. Two fungi were found on J2 from all tested soils that have been reported as attachments to the nematode surface. A fungus of the genus Rhizophydium was previously reported as attachment to Criconemoides sp. (36) , and fungi related to Malassezia restricta have been found in association with the soil nematodes Malenchus sp. and Tylolaimophorus typicus (37) . In our study, a fungus related to Cylindrocarpon olidum was only abundant on J2 from the most suppressive soil Kw. Isolates of this genus were shown to reduce the number of galls of M. javanica on tomato roots (38) or to inhibit egg hatch of Meloidogyne spp. by metabolites (39) . Cladosporinum cladosporioides, which was only associated with J2 from the Gb soil, was previously found to be associated with Meloidogyne sp. females (40) and with Rotylenchulus reniformis vermiform stages and eggs (12) .
Genera or species of the bacterial attachments to J2 from the three soils were also found in association with different plantparasitic nematodes in previous studies (8, 9, 41, 42) . J2 from the most suppressive soil Kw were often associated with OTU similar to species that were reported to be involved in infectious diseases (Mycoplasma wenyonii, Peptoniphilus gorbachii, Brucella sp., Paracoccus yeei, Neisseria mucosa, and Shigella flexneri). These OTU may have in common with their pathogenic relatives that they efficiently attach to tissue surfaces as part of their lifestyle and thereby become enriched on the cuticle of J2. Other J2-enriched OTU were related to soil bacteria such as Rothia amarae, Malikia spinosa, Janthinobacterium lividum, Geobacillus stearothermophilus, or Pseudomonas kilonensis. These bacteria might antagonize M. hapla after cuticle attachment but have not yet been found associated with root knot nematodes. This can be explained by the bias of cultivation approaches which were used in most previous investigations. In a study on the bacterial community associated with cysts of Heterodera glycines, fewer than 5% of the bacteria could be cultured, and there was limited resemblance of the dominant species detected by DGGE analysis and the plating method (9) .
In conclusion, a diverse microflora specifically adhered to J2 of M. hapla in soil, which might lead to colonization of eggs and play a role in nematode suppression. Several bacteria and fungi from soil enriched on the baiting J2 extracted from soil reportedly possess some nematicidal properties against plant parasitic nematodes. These should be evaluated for their potential as biocontrol agents. The sequence tags of these microbes could be useful to develop targeted cultivation methods for these species, for cultivation-independent study of the in situ interaction with M. hapla, and to survey their population increase in response to soil treatments. Management of arable soils to increase the abundance of antagonistic bacteria and fungi could become a substantial part in nematode control.
